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LASERS AS A TOOL FOR PLASMA DIAGNOSTICS

Franz C. Jahoda

Lecture Notes for Mini-Course
Los Alamos Conference on Optics ‘8l
April 6, 1981

ABSTRACT

Lasers can be used as non-perturbative probes to measure many
plasma parameters.

Plasma refractivity is primarily a funct! 1 of electron
density, and int' rferometric measurements of phase changes with
elther pulsed or CW 1lasers can determine this parameter with
spatial or temporal resolution over several orders of magnitude
sensitivity by using laser wavelengths from the near UV to the far
infrared. Sub-categories include density gradient and/or
turbulence determinations from the laser beam deflection and
magnetic field magnitudes from polarization rotation by
bl-refringence.

Laser scattering from free electrons yields the most
fundamental electron temperature measurements in the plasma
parameter range where individual scattering events are
uncorrelated in phase and 1ion temperature or plasma wave and
turbulence s8tructure in the opposite limit. The smallness of the
scattering cross-section generally 1limits these experiments to
single points in space and time using powerful Q-switched lasers.
Extensions in both spatial and temporal domains are current
research topics.

laser scoattering from bound electrons can be many orders of
magnitude larger if the laser 18 matched to approjrtate resonance
frequencies and can be wused 1in specialized circumstances for
measuring low-ionized impurity or dominant species neutral
concentrations and velocities.

The mini-course will emphasize the fundamental physics
undevlying the many techniques and draw on particular applications
examples based largely on the author’s experience in magnetlic
confinement fusion rescarch.

1. INTRODUCTION

We limit ourseclves in this mini-cenrge to laser frequencies much larger
than any characteristic plasma frequency. In this limit the interaction
between the EM wave and plasma is weak and manifcsts itseif primarily by small

changes in the refractive {ndex (ratio of phase velocity in vachum to that in
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the plasma) and some scattering. This 1is desirable for a diagnostic
meagsurement of ambient plasma parameters without perturbation by the
measurement itself.

Furthermore the laser wavelengths are always small compared to the scale
lengths for macroscoplc plasma parameter changes. All derivations therefore
assume plane waves traversing 1infinite  homogeneous media. These
s mplifications do not affect the cample experiments to be presented, but

should not be forgotten before making extrapolatione to extreme situations.

There are a few general considerations pertinent to the usefulness of any
diagnostic technique. Most obvious, of course, is whether the sensitivity
range covers the anticipated range of values of the parameter to be measured.
Adequat= calibration may or may not present problems. Hardly less basic 1s
the attainable signal-to-noise ratio and signal-to-background ratio. The
distinction impllied here is that the former refers t. measurement accuracy of
the method under more or less idealized circumstances, whereas the latter may
be less due to competing effects, such as plasma s2lf-luminosity. Of great
practical significance 1is the cost and complexity of actual execution. This
includes geometrical accesibility, available ports and permissable window
materials, often substantial requirements on eliminating electromagnetie
interference, and increasingly, automation of data acquisition. Although the
bulk of the work usually resides in these mundane matters, they &re wusually
both so specific “o the particular circumstances and best learned by practical
experience, that relatively little will be said abont them in the course.
None-the-less, +this matter of practical adaptability should be the Jdominant
criterion against which everything else is Jjudged.

One theme that will run through everything to be presented is space and
time resolution and space and time roverage. By resolution is mecant how
precisely in space and time n meadurement can be localired as opposed to some
average value over an extended spatial or temporal range. By coverage, for
lack of a bhetter werd, 18 meant how many almultaneous localized space
measurements and how wany consccutive localized time mcasurcments can be made.
This is significant becaure generally the plasma co be studled is assumed to

be of a pulved nature with both limitations on rep rate and detalled
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reprodu~ibility, making shot-by-shot scans of spatial and temporal behavior

less valuable than fuller coverage on each individual discharge.

Considered as classical electromagnetic phznonena, refraction and
scattering are separate manifestations of the re-radiation of incident 1light
by free or bound electrons. The former is the coherent superposition of the
re-radiation in the forward direction added to the incident radiation, and the
latter 1is u coherent or incoherent summation of the rs-radiation in other
directions.

It is a remarkable fact-—stated in other words, a manifestation of the
fantastic power of Maxwell’s equations--:hat this basicallvy complicated
problem of a self-consistent solution for electric fields acting on charges,
which then themselves become sources of fields interacting with all other
charges, can bc characterized for any particular medium by one complex number
(possibly oue complex tensor if there are preferred spatial directions in the
medium) inserted into the wave propagation equation.

(Sometimes the basic simplicity tends to get lost among 1) che variety of
related ways the bagic datum can be expressed--e.g. refractive index,
dielectric constant, susceptibility, 2) a doubling of namesa and a second
complex valur 1If magnetization 1is importent in the medium, and 3) a
bewlldering variety of units, normalizations and symbols chosen by different
authors. For un excellent reference on the basics and an underlying physical
intuition see Chapters 28-34, The Feynman Lectures ou Physics, Vol. I,
Addision-Wesley (1963)).



II. REFRACTIVITY

(Basic reference! referred to hereafter as I.)

A. Theory
The refractive index, 1y, 1s defined as kc/w where k = k(w) 1s the

+ >
transverse (k+E=0) plane wave solution to the wave equation (11.2.8 in 1I.)

derived from Maxwell’s equations. It is solved for a medium of free electrons

in I. for 3 cases:

1) no collisions, no external field

2
1/2
we 1 __f%] f (11.1.16)

W

>
2) no ccllisions, applied field along k

2
w 1/2
P / (11.2.26)

wz(l t we/w)

ut-[l-

3) with collisions, no axternal field

(from 11.2.19)

In these equation
w= 2rc/)\ 1s the radian ifrequency of the propagating laser wave

wp = (annezlm)l/z is the plasma frequency

We ™ eﬂo/mc is the cyclotron frequency
v i8 the electron-ion 909 collision frequency.
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The system of units throughout 1s c.g.s.

General remarks:

1) The non—-magnetized, non-collisional result for free electron changes to

u-[1+

when the equation of mntion of a bound electron 1s written as a harmonic
oscillator with "spring" constant, mw%- This can be of quite different

magnitude (in the case of near resonance, w =~ w a damping term must be

o’
included in the equation of motion to keep everything finite). We make the
justifiable assumption in I. that wy In the case of incomplete ionization of
the major sepecles or impurities is always >> w, and, therefore, the free

electron refractivity is the dominant contribution.

2) The double sign in the magnetic field case indicates bi-refringence and
the cholce of coordinates, or basis-vectors, that the rundamental modes (i.e.,
the ones propagated without change of polarization state) are circular. In
consequence a linear polarizatiun rotates as 1t propagates (Faraday
Rotation - 11.3.18 in I.). If perpendicular magnetic fields are also included
in the equations of motion, a linear bi-refringence emerges. The multiplier
term on m%/wz in this case 1s {tself proportional to (we/w)2 instead of

(we/w), and in the limit w, << w, transverse fields are less significant.

3) The appearance of an imaginary part to the refractive 1index (or,
equivalently, the k vector) in the case of collisions indicates the wave s
attenuated as it propagates. Strong enough absorption would eventually
violate our requirement that the laser beum Itself not change the plasma
parameters. The collision frequency varies as n/T3/2. #0 Lhat classical
absorption (inverse bremsstrahlung) is most important at high density and low
tempcratutre. A typical calcvlation indicates that for a 5 eV, n = 10”cm'3

plasma, a | MW laser of 100 ns pulse duration focused into 1 mm? leads to o
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energy 1increase by absorption of ~25% of the thermal energy originally

present. We do not consider absorption further in these notes.

4) Since the refractive index~--i.e., phase velocity--is proportional to
electron density 1t immediately follows from geometrical otics that laser
light will be deviated from straight 1line propagation 1f 1t encounters
transverse density gradlents. A derivation of the engular deflection leads to
Eq. (11.3.13a) 1in 1I. This effect 1tself can be a wuseful diagnostic
(Schlieren, shadowgraphy) for density zradients and fluctuations but it also
places limitations on "straight-through'" measurements like interferometry and
Faraday rotation. Note, 1in particular, since both the refractive index and
the angular deviation scale as wavelength squared, but in every kind of
interferometry the unit of measurement (fringe displacement) is the wavelength
itself, the bending effects get relatively worse as sensitivity 18 1increased
by going to longer wavelength. Even if imaging of the region of interest is
ured, whereby a lens compensates the zero-order path difference for deflected
rays, the derivation culminating in 11.3.9 in I. indicates a remaining

relative fringe error that scales with Az.

A summary of this section is provided by Fig. 1. Starting with a given
laser wavelength on the abscissa, the fringe shif: for a given fnedz, the
Faraday rotation per 1.7 kG for a given fnedl (linearly scalagle to the
desired field value) and the angular deviation for a given f]ﬁ; d% can be
obtained by vertical interpolation (logarithmic scale !) between fixed values
of these parameters. The critical deneity at which the laser frequency equals
the plasma frequency is also plotted. Llonger wavelengths will not propagate
at all, and the discussion of the various diagnostics generally assumes a
wevelength at least ar order of magnitude below the cut-off. Conversions to

several frequently used units tha: replace wavelength are also indicated.
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Fig. 1.

Scaling with wavelength of fringe number, Faraday rotation, angular
deflection, and critical Jdensity.



B. Interferometry

Interfercmetry is conceptually the most direct technique for measurements
exploiting plasma refractivity. It leads divectly to an integrated
line-of-sight density determination by comparing the optical path 1length
through a plasma with the equivalent optical path length in the absence of
plasma. It is "self-calibrating" in the sense that the observed fringe
displacement, f = fz (p-1)/x dg, for a given wavelength is directly related
to fz n, d2 through T1.1.16 of I. or Fig. 1.

oThe following text is divided into A) spatial coverage (line-of-sight
integrated, pending unfolding) at one instant in time and B) temporal coverage
integrated along one line of sight. Both have good space and time resolution

in the sense defined in the introduction.

l. Holographic Interferometry

The introduction 1in the early 60's of pulsed lasers significantly eased
the making of plasma interferograms by providing a light source bright enough
to compete favorably with plasma luminosity, and of sufficient
monochromaticity and low divergence to relax the severe constraints of path
length equality in scene and reference beams (see I.). The introduction of
holographic interferometry completed the conversion of an exacting art
requiring restrictive specialized instruments to a rather simple procedure
that can be imp.-ovised in numerous., flexible embodiments.

(The discussion of holographic interferometry at the end of I. is

2

supplemented by the second hand-out,“ and referenced hereafter as I1I. A LA-MS

report3

dwells more on practical implementation details, as well as an
interesting case of unfolding the radial density distribution for a case of

helically deformed cylindrical symmetry.)

The significant feature o1 holographic interferometry that i{s responsible
for the great experimental simplification {s that, in effect, phase comparison
occurs between two wavefronts separated in time rather than in space. Phase
distortions in the optical path that remain fixed I{n time between the separate
exposures cancel out rather than having to be matched in spatially separated

beam paths.
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The price paid for the convenlence of holography 1s in the greater
coherence requirement on the laser source and the high resolution required of

4

the recording medium. A recent reference” gives a good discussion of high

coherence pulsed ruby lasers.

A nore recent example of an exact analogue of conventional plasma
interferometry made possible only by the flexibility of holographic
interferometry is the examination of the blow-off of laser fusion targets on
micron-size scale lengths.5 The incorporation of microscope objectives in the
scene path and the need for the very precise focusing that can only be
achieved during reconstruction require the holographic implementation. The
refractive bending for a wavelength fully 1/4 the critical wavelength is quite
severe, but because total path lengths 1involved are extremely short the
fractional ringe error (11.3.9 in I.) which scales with 22 is completely
negligible. Focusing 1in the proper image plane is critical, however, and a
good discussion of residual position errors due to path curvature is given in
Ref. 6.

Another example when holographic flexibility can be invoked are cases in
which conventional interferograms would be too sensitive, 1i.e., the fringe
count exceeds easy resolution. The two holographic exposures can be timed to
bothk occur during the event and thus record only the difference over a
pre-selected time 1interval. By proper manipulation of polarization optics

even tire linear background fringe pattern can be retained.7

The lowest [nedz's messurable with holographic interferometry are larger
than the sensitivity 1limits for the CW laser time coverage interferometry
des~ribed below. One reason is the lack of good equivalents for photographic
recording (as well as fewer suitable laser sources) at wavelengths greater
than the visible.

Since the publication of II. the use of ¢thin filn bismutk has been
realized for plasma interferograms by Kristal® at the 3 ym HF laser
wavelength, and both bismuth film and cuprous mercuric iodide have been used
at the 10.6 um CO, laser wavelength by Forman ct al.? The disappointingly
slow progress of long wavelength, high spatial resolution recording media 1is

probably due to the fact that increasc in fringe count at loug wavelength is
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unique to free electron refractivity and the sensitivity actually decreases
for non-plasma related holographic applications.

A second reason for the poorer lower sensitivity limit is that in the
conventional analysis of a photographically recorded fringe pattern it is much
more difficult to measure small fractional fringe displacements (say anything
substantially less than 0.1) than with the electronic means for time variation
at single space points that can, with cere, do better than 0.001 fringe.

In this connection interesting possibilities, not yet to my knowledge
applied to plasmas, are raised by heterodyne holographic interferometry,
reviewed by Dﬁndliker,lo in which the use of two reference beams and
controlled phase manipulations with the reconstruction beam leads to accurate
electronic detection of extremely small fractions of a fringe. The fact that
the holographic exposure and reconstruction generally occur at different
wavelengths would complicate the geomterv but not pose insurmountable
difficulties.

Another disadvantage of holographic interferometry compared to
conventional interferometry shows up when a time sequence of interfarograms
during a single event 1s required. It is due to the requirement of accurate
registry of two exposures for each interferogram frame~-one before and one
during the event. Initial attempts of ‘'live-fringe" interferometry,
comparison nf a sequence of current wavefronts Iin real time with a
holographically recorded previous wavefront, are given 1in II. The method
siiould be easler now with the availability of tunable dye-lasers giving a
wider choice of laser sources. Only the initial holographic exposure requires
holographic quality source coherence, and it could be made with a lower energy
source over a longer exposure time. The observation source muet be tuned to
the ccme wavelength, but has more modest coherence requirements and requires a
brightiess governed only by the combination of reconstruction efficiercy,
desired time resaolution and recording medium sensitivity. Note the latter may
be electronic, and dces not require holographic quality spatial resolution.

An intriguing possibility for very fast time resolution of very brief
total duratior events 1s offered by the combination of short laser coherence
length combined with traversal time of the holographic plate by an obliquely

11

incident refevence beam. Application tc a (small) plasma would require the
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plasma to be located near the divergence point of the scene beam with a

geometry analogous to that of Fig. 1 in reference 11.

2. Continuous Time Coverage Interferometry

For continuous time coverage during the evolution of a plasma discharge
along a single line of sight by use of a CW gas laser the 'coupled cavity"
configuration was principally emphasized in I. This use of the laser as both
the source and the phase sensitive detector, requiring only a small percentage
feed-back into the 1laser cavity, remains the simplest possible experimental
configuration. With a moving return mirror the vernier principle of measuring
plasma effects by the time distortion of zero crossings could at that time be
read to about 1/20 of a fringe from oscilloscope traces. In the 1interim
computerized automated data acquisition from transient waveform digitizers
requiring only about four 6-bit data words per cycle has been shown capable of
about 1/600 fringe resolution.12 The supposition that the method would work
equally well at far-infrared wavelengths was borne out at 337 microns.l3 An
additional benefit of significance in the far infrared is that the laser
wavelength could be determined to 0.6% from only a knowledge of the rotating
wheel radius without other means of spatial dispersion. (Note that since the
coupled cavity configuration necessarily involves a double pass through the
plasma, the factor 2 1length gain was incorporated into the proportionality
constant in I. This is not the convention in either Fig. 1 or the present

write—-up.)

Coupled cavity interferometry also suffers from some disadvantages. Among
these are 1) the time response is limited by the Q-value of the laser cavity,
2) the mechanical modulation reference frequency is avalilable for monitoring
only prior to rather than during the measured event, and 3) it is difficult to
synchronize more than one channel to a given ecvent,. In addition, the
increasing technological sophistication of the laser industry has made it much
more difficult wc find He-Ne lasers operating simultaneously at 0.63 and 3.39
microns, thereby obviating the real alignment simplleity when the greater

sensitivity and time responsc of the longer wavelength is desired.
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The cited problems of coupled cavity interferometry are largely ovevcome
by returning to some conventional interferometer configuration of scene and
reference beams combirned on a detector, but retaining a beat frequency on the
detector even in the absence of plasma phase shifts by deliberately
iutroducing a frequency off-set between the two beams. In principle this can
be done by a mechanical motion Doppler shift in one beam, 1like the moving
return mirror 1in coupled cavity interferometry. In practise, it is much
preferable to use an acoutso-optic Bragg cell.l® This can easily produce much
larger frequency differences between the zero and first order diffracted beams
than any mechanical means, while =simultaneously acting as the first beam
splitter. The Bragg cell drive frequency is always available as a reference
frequency against which the plasma phase shifts can be analyzed. Since 1t 1is
continuously available, there are no synchronization problems.

Note that this beat frequency distortion measurement is commonly referred
to as hetercdyne interferometry and is entirely different from the usage of
the same term in 11.4.1.6 of 1I. for the much less practical, thuugh more
sensitive, procedure of putting the plasma directly inside the 1laser cavity
and monitoring the laser frequency pulling.

If the reference and scene beams are unequal in length, it is extremely
important to prevent any retro-reflection from getting back into the laser and
causing a coupled-cavity (and frequency pulling) effect. For unequal paths,
laser frequency changes are indistinguishable from plasma changes occurring
during the transit time difference interval.

When the heterodyne frequency 1s chcsen to be large compared to the
frequency with which plasma effects are to be resolved further analog signal
processing before digitization for computer processing can be very useful.
For instance, Jacobsonl® describes a fi{ve-channel quadrature interferometer in
which the plasma phase shift within a chosen bandwidth is determined with
unambiguous sign by first mixiug the heterodyne detected signal both with the
Bragg cell reference frequency and the same reference frequency phase shifted
90° to give analog signals proportional to the sine and .osine, respectively,
of the plasma phase shift. A more detalled description on a seven-channel
version of this instrument, illustrative also of what can be learned about
density fluctuations by correlations among the cl.annels will be published

shortly.ld
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C. Faraday Rotation

The discussion of experimental measurements of Faraday rotation 1in
I. emphasizes maximizing sensitivity by 1increasing the accuracy with which
small polarization rotation angles can be measured. An extension of this
approaci to the 10.6 um wavelength of the CO, laser with a good discussion of

the optimum angular orientation of the analyzer has been given by Jarboe.l7

A different approach 18 to increase the laser wavelength to tike advantage
of the AZ scaling while simultaneously negating the deleterious effect of the
beam bending which has the same scaling, and was assumed to be a fundamental
11, {tation in I. A basic principle in this case is to make the measurement
independent of laser intensity variations, as could happen, for instance, due
to beam wandering cver the detector.

One way to do this is to convert from an amplitude measurement to a phase
meesurement, in which the signal can be treated exactly as 1in a heterodyne
interferometry gcet-up, The idca 1s to produce a sinusoidal modulation in the
absence of plasma on which the Faraday rotation is encoded as a time-varying
phase shift.18 A way to do this 18 to monitor a rotating linear polarization
behind a linear polarization analyzer. The rotating linear polarization 1is
the equivalent of, in fact, 1t 1is generated by, two frequency off-set
(coherent) counter-rotating clircular polarizations. Tue plasma birefringence
in a longitudinal field 1increases the phase velocity of one uoircular
polarization and slcws down the phase velocity of the other, resulting in a
distortion of the apparent rate of rotation of the linear polarization. In a
current Los Alamos version of this experimentl9 a 1| Miz frequency offset 18
produced between two parts of a 185 um COy~pumped CHyF, laser beam by Doppler
shifting a portion of the beam by reflection from a grating machined onto the
rim of an 18-cm radius aluminun disk rotating at 6000 rpms The algorithm
previously cued12 can detect 10 mr beam polarirzation rotations, which at this
wavelength cor: :sponds to fne-de = 1. 1x101 em2 kG, with 1 uys time
resolution.

An alternative method archieves the aame o¢nd, 1insensitivity to laser
inten. ity variations, by rocking the {input 1linear polarization about the
orier .ation of the analyzer on a time s:ale fast compared to plasma changes.

One detector/analyzer combination rather than two then measures the intensity
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increase and decrease, respectively, due to plasma induced rotation for
positive and negarive orientation with respect to the polarization analyzer.
In the far-infrared spectral range the polarization modulation has been
achleved with a 1 kHz voltage drive of a ferrite s1ab.20 The same effect can
be achieved without the severe laser attenuation by the ferrite 1If two
frequency offset coherent orthogonal linear polarizations are observed through
an analyzer approximately aligned with one of the polarizations. In both
cases because one ends up with an intensity measurement of the envelope of a
particular modulation frequency, the time resolution will be poorer but the
sensitivity can be made greater than the phase measurement method of a

rotating linear polarization.

In pushing Faraday rotation measurements into the far 1infrared 1t is
necessary to re-examine the linear birefringence in a transverse magnetic
fieli component, which was dismissed as a higher order effect in the
introductory scction. The circular birefringence in a longitudinal ficld,

duy % wloyy/wd, leads to 11.3.18 of I:
6 = 2.63 x 10717 \2/n B ,de

12
§~ 7%
Ref. 21), leads to an celliptization for arbitrary orientation of lincar

The linear blrefrinpence in a trancverse ficld, Ap mh%/ma (sve 0.,

polarization that will give a maxtmum "dephasing” angle:

Opg = 102 x 1072133 . w2 ae

In pgeneral the Faraday rotation angle dominates, but as A [(nereasen the
extra power of B in the dephasing angle can more nearly compensate the smaller
coeflficlonts For instance, for typleal Tokamak fields with "I > By tor a
laner beam along o minor crors=gection chord, the angles are comparable at the
CHqt wavelength of 496 pme Noncthelesn, the phase measurement ot a0 rotatfag
Hnear polarization s velatively fnwensitive to ollipttelty unt{l the
dephaning angle approaches 202 and destroys  the modulatifon as the cllipse

rotates tn front of a statfonary linear analyzer.
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At the other end of the sensitivity range, large angle rotations of
visible 1light indicate megagauss magnetic fields in laser-produced
plaamas.zz The fact that these fields may be generated by an inverse Faraday
effect due to the circular polarization components of the laser?3 leads us

beyond the non-perturbative criterion of cthis coursc.

D. Schlieren and Shadowgraph Mcthods

Only a few points are added here to the discussion of these methods in l.

a) The statement there that intecferometry measures density, whercas
schlicren and shadowgraphy measure the first and second spatial
derivatives, repectively, 18 correct but somewhat glib, and therefore
perhaps confusing. A phase measurcment in terms of fringe displacement
in interferometry 13 relative, and becomes meaningful only in relation to
another phase measuremeri displaced cither in space or time. An absolute
value determination requires a continuum of measurcements between the
place (time) of interest and a known null value. An absolute measurcment
of a deflection angle, on the other hand, ls functionally related to an
absolute value of density gradient independent of neighboring values
cither in aspace or time.

b) Although the sensitivity of interferometry and schlicren are difficult to
compare because the latter measures Lhe derivative of the quantity
measured by the former, the 22 scaling of schlleren cowpared Lo the A
scaling of interferovmetry makes Lt relatively more significant as  longer
wavelength  lasers come into wider use. llowever the diftlulties of
vhtaining extended apatial resolution detectors leaves a  problem of
finding the emorgent beam.

¢) There Id an Increasing empbanis on quantitative [nterpretation based oa
emergent beam loeatfon ad opposed to the more qualitative relative
Iintenuity measnrements emphanired in Lo For cxample, Rpllmnunza pives
analyt feal solutfons of deflectior annle  versus normallzed radiuse  for
twelve different  ansumed  density profile funetions.  Recontly, Ralelgh
o Grvlgzs have presentoed a detal lad calceulation procedure, akin to Abel
{nversnlon, for deriving the dennity pradient profile from a tinlte set of

angular deflection obnervat tonn,
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d) Quantitative deflection measurements have been made recently, among

others, both with the inclined slit method in a largely anionized heated

gas channe123 and with separated Moiré plates on
totally ionized high density z-pinch.26

a 0.] om diameter
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IIXI. SCATTERINC

A. Free Electrons
1. Outline of theory section Monterey Mini~Course (197/8) Lecture Notes

27

P 1_5
single electron:

Classical electrodynamics:

Scattered power
into 4n: [pdQ = 6.65x107231
P (units of power)

1 (units of powur/cmz)

For clectron velocity ¥
Time dependence ot instantianeoua electron position
frequency shift

(calculation requires retarded time)
Physical argument from "double" Doppler shift

- Lty
Define F = kg =k

no recoil, energy conservation Ikg =ik}

k] = 2lkiluln0/2 --EE 8in0/2
A

Doppler shift argument pglves
frequency shift w = wy-wy = Re¥
(Mw)

This "foreshadows" result that a collectfon of {ndependent scatterers for
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fixed R(ky, ) gives spectral distribution that maps out f(¥)

Pe 6.7

Many scatterers
2
B, fields add I, ~ (1E)

either cross-product terms sum to ) on average (phases uncorrelated)

or cross—product terms do not sum to O on average (phases correlated)

172
For a thermal plasma, the Debye length, Ap = (—J , 1s the
n

scale over which correlations (potential energy) win out over random

thermal motions (kinetlc energy)

The phase factors (R-%) for the many scatterers within a Debye
sphere arce all necarly alike (correlated) or range over all values 0 to 2n

(uncorrelated) depending on the magnitude of RK:

If kAD < 1 correlated a >l
kip >> 1 uncorrelated a << 1
= ea) A
R R T ITT A
pc 8"16

Formaliam of summation procedure:
Involves space~time Fourier transformation of n. distribut lon
n(l,t) = c]/n(?.w)d3de

superposition of plane waves of wavelength 24/ 1k| and phase

veloctity .2 R,
YK
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2. 1 2 2
d“7(8,w) _ "0 2 <In(R,w)I >
-~ Trde— 'z—ﬂro[’“("xb)] 'l:im___t_.__..

i.e., electrons contribute to extent that required wavelengths of spatial

fluctuations and velocity projections occur together.

Can ove generally written in terms of classical Thomson cross-section and

a "form factor" S(k,w)

da2P(8,0) _

—G-n—du)—-— Neloon‘s(k.w)

and specializing for collisionless, unmagnetized, near thermal plasmas

I+xq1 2 Ixel 2
S(kyw) = — (v) + 2- —  fi(v)
’ I T+xetxy!l € TEETTE

Xe = Xelgo—) = = Gy(x)

Xt = n(r:,”{) = - Gy (y)

2 2 .2
Ga(x) = 'az{l-er_x Jx et dt + 1nl/ g% }

SAT 2 2 1/2 2
Gy(y) = - GZTE {1-2ye™Y ({y et dt 4+ in ye 7}
1

P 17

Grapha of spectral function for 3 values of a.
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1981 Addenda:

The narrow central '"ion" feature in tle two lower figures on p. 17
assumes T, = Ty and 2 = 1.
The wavelength scale happens to be drawn for T, = 5eV, 0 = 90°,
A = 6943A. This 1s an unfortunate specialization. The spectral shape is
only a function of o, and a more fundamental abscissa would be in terms
of x = fu/kv with Aw = 2mcAr/A%.
The "el tron" feature integrated intensity varies as 1/(l+a2), whoreas
the total 1integrated 1intensity in the limit a + « approaches the a = 0
values times Z/(l+ZTe/T1).
Figure 2 (see next page) plots a as a parameter for given n and T,
assuming A = 6943A, 06 = 90°, and indicates the scaling for other values
of XA and 8. The line for a = 0.2 is accentuated as an upper limit for a
Gaussian spectrum. If electron tempevature 1s deteimined from the
spectral width assuming a Gaussian shape when « is actually 0.2, an 8%
overestimate would result.

18-22

Corrections for a) v/c not << 1

b) B %0
a) additional force, finite transit time give

significant, lst order v/c effects. The most
lucid cxplanation of the somewhat complicated
mathematical derivation known to this author
appears in Item 7 of the Bibliography {n the

Monterey Notes. 28

b) B changes Jinear orbits; mathematically
interesting complexity == but small practical

slpnfticance (see pe 32 of Refo 27).
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Scattering parameter, a, a8 a functien of temperature and density.  Scaling
with wavelength and weattering angle as Indicated.
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2. Experimental Considerations, a << 1

The oractical implementation of a scattering experiment for dctermination
of eleciron temperature from the Gaussian spectral shape for uncorrelated
scatterere (a < 1) 1is dominated by the small value of the Thomson
croas-gection. The discussion 1in Ref. 27 from p. 22 onward is relatively
straight-forward and not repested  here. It concerns itself with
a) availability ~f powerful sources, b) the number of detected scatcered
photons, ¢} ¢ nal-to-background or signal-to-background fluctuations
ratio, d) st. er 1light supnression, c¢) alignment, f) calibration and
g) data acquisition.

A useful discussion of practical aspects encountered 1in an actual
particular experiment is given in Ref. 29.

Absolute calibrations for density determinations have traditionally becn
done by Rayleigh scattering ac the unshifted laser wavelength off a neutral
gas, in situ to avoid all scaling for geomctrical and detector gain effects.
A disadvantage is that either the atray laser 1light may mask the Raylelgh
Bcattering completely, or 4 three-stage pulychromoter30 discriminates against
the unshifted light so well that the calibration signal doesn’t get through.
An interesting solution to this problem recently has been the use of

31

anti-Stokes rotational Raman lines 1in nitrogen and Stokes=-shifted Raman

lines 1ii hydrogen and duutorium.32

The wusc of avalanche photo=diodes In place of photomultipliers has been
reported hy DeStiva.3d one preat advantage {8 a 652 quantum cfficlency at
6943A. It is claimed that thelr inherent noise s such that the cross=~-over in
S/N ratio compared with photomultipliers favors the dlodes above the U
photons/2%) nacc power level. A strong temperature dependence of  the
photo-diode gain i, a definite disadvantage, aad the small photo=-sensitive
arca may be another. On  the other hand, they open the door Lo scatteriog

experiments with 30X quantum eofficlency at the Nd laser wavelenpth of 100 pin.

The cextenslion of sinpgle=-gpace point scattering mediurement s to
simultancous multiple~mapace points has become o very active tleld.  Besides

LI which an example {5 ghown fn Refe 27 and which 1w

the Princeton approach,
alro being very actively pursued at Lox Alamos, a conceptually simple system

developed In Franced based on miltiple two=wavelenpth band spectral ratfos (s
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the basis of the design study of such a system for JET (Joint European Torus).
Perhaps to put things into perspective, it is pertinent to mention that the
same design study anticipates more than 40 man-years and multi-million dollars
to implement this dilagnostic.

The extension to multiple~time points, equally important and desirable, is
an active rescarch topic, but less advanced. A Carching group35 has reported
25 equispaced 10 MW ruby laser pulses over a 1 millisccond time period. Work
continues at Los Alamos on summing over a mode-locked pulse train. The key
problem is an optical switch or a photo-sensitive detector sufficlently fast

not to integrate over plasma background between pulses.

3. Comments on o 2 |

The condition a nnt << | means that the combination ot incident wavelength
and scattering angle is chosen so as to reveal cexisting phase correlations
among the scattercrs—--l.e., by increasing the wavelength and d:creasing the
scattering angle to the point that “he "probe length" 1is  comparable to the

minimum scale length (Debye iength) over which correlations can exist.

Choosing tlese conditions fmmediately  raises a  "rich" vein of
possibilities--at the very least for a completely quicsceat, thermalized
plasma there will be correlatlions among the celectron clouds shiclding the
thermally distributed 1ons (this 1s the case for which the form factor given
on pe 16 of Ref. 27 applies)=—but more likely than not over certain reglons in
"k" space there will be correlations among the scattering conters (electrouns)
due to discrete (resonant) plasma waves or plasma turbulence (a spectrum of
plasma waves poverned by some amplitude distribution in "k" space). By
definitfion these latter correlations are pgreater than those due to random
thermal fluctuations and the recefved scattered power at the relevant k values

may be enhanced by many orders of mapgnitude.

Notice a change {n the focus of interest! To determine celectron
temperature any one cholee of k > k) = 2n/xp (or tor fon temperature any one
choice of k < kj) will do, and the thermal distribution {8 determined by
scanning over the scattered wavelength (f requency)  spread. To decermine a

plasma wave or turbulence Ampectrum we need a scan over k dpace (senerally
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obtained over a range of scattering angles) as well as the scan over frequency

at each k to determine the total wave strength at that k.

In order to reach the a > 1 regime for typical magretic confinement fusion
parameters at large scattering angles requires wavelengths in the far
infrared. This makes for major differences not only in the source but also in
the detector technology.36

For example, room temperature detectors operate in the classical regime
(hv/kT < 1) rather than the quantum regime (hv/kT > 1) and the ultimate noise
limitations are quite differcnt. Furthermore, the characteristic frequency
shifts of interest, Aw ~ R+¥, are smaller on account of both smaller k values
and smaller characteristic velocities (elither plasma waves or ion thermal
rather than electron thermal velocities) and when .he frequency spread of

interest is less than the maximum frequency response of the detector it 1s

possible to use heterodyne detection techniques.

Heterodyne detection:

Combine scattered power with coberent local oscillator on a square law

dotector:
= 1/2 )
Eg Ig' exp 1(w + Aw)t
a
E’L° n Ilé/“ exp lwt

*
[ = <Es + Elo)(Es + Elo)

1/72
= Is + 120 + 2(15120) cosAwt

Respunse at the beat frequency Aw can be cnhanced by increasing I.Q'Q alone, and

the nolse-equivalent-power (NEP) is lower:

. sy 2
(th)hot ~ (th)vidvo/IZO

Note also that the local osclillator frequency w may or may not be equal to
t he incldent laser froquency, Wy If wo we» Aw contains a contribution from

this difference as well as from the result of scattering and this moves the
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band-pass of the various scaitered difference frequencies away from being
centered on Aw = O. This has two advantages:

a. detector noise limitations are generally better away from Aw = 0

b. resolves assymetries in scattered spectrum with respect to the laser

frequency.

In turn, heterodyne detection implies a totally different technology for
determining the frequency spread (power spectrum). Instead of spectrally
dispersing the radiation before detection by separate receivers, one can
analyze electronically the frequency components of the signal generated on a

single receiver either by filtering or correlation techniques.

The c.rrently favored high-power narrow-band laser for ion temperature
measurements is D,0 at 385 ym. An experiment is imminent on Alcator C with a
corner-mounted Schottky-whisker diode37 detector signal Fouriler-analyzed into
a speclal design 32 contiguous channel recelver, <ach channel of 80 MHz
width.38

The most extensive non-thermal small angle collective scattering on fusion

plasmas has been done by Slusher and Surko39 in

a study of density
fluctuations. These authors take advantage of the small forward scattering
angle for a) coping with the restricted access of diagnostic ports,
b) crowding tha full range of R values of interest into a smaller range of
scattering angles A8 and c) a convenient gecometry for high sensitivity
heterodyning--they wutilize a 300 watt CW CO, laser for the iclatively large
scattering cross-section of turbulent density fluctuations.

In a companilon pnper,ao

the small angle geometry disadvantage of lack of
spatial resolution 18 overcome by measuring the correlations of forward
scattering from two laser beams intersecting at a o»aallow angle, with the
intersection point moved sequentially through the plasma depth dimension.
Careful consideration must be plven at small scattering angles to all the
finite peometry effects: diffraction, cam cross-seclion, finlte range of

scattering angle, detector size, eto.



-26-

B. Light Scattering from Bound Electrons

Consider an electron bound to a nucleus, as opposed to the free electron
case treated so far. Classical radiation theory treats such an electron as a
damped harmonic oscillator with a natural frequency w, corresponding to a
particular atomic transition. (Fractional f values then distribute the N such
scattering systems among the different possible atomic
transitions.) Combination of the equation of motion under the influence of
the electric field of the 1incident 1light wave, and the radiation from an

iccelerated charge gives a differential cross-section:

4
do (elyty Lt
d mc? i (mi-uz)z + wlr?

there the damping, TI', can be calculated sclf-consistently from energy loss due

.0 scattering to be:

2 2
[ = %_e w (cgs units)
me3
do e2 2 :
Limits: w; + 0 — L___) (Thomson ditferential cross-scction)
dn = o2
2
W+ owy a + A°+0(1)

he latter 1limit can be ~1013 times the Thomson cross=section, for A {n the
isiblel

These general features are retained 1in the correct  quantum  mechanical
alculations, which also add many suht;lc;etlua.l'l

On resonance the cross=gections are so large that It {8 sometimes powsible
v saturate the transition--that is, populate the upper and lower levels in
he ratio of their statistical welpghts. This happens when the number of

hoton absorptions equals the number of  stimalated cmiunfons. An  abuaolute



-27-

measurement of the line intensity then ylelds the ground state population
independent of a knowledge of laser intensity or cross-section.

The saturation intensity can be estimated from the requirement that the
laser flux be so large that the probability of excitation of any one atom
(o= XZ) over the spontaneous emission 1lifetime of the excited state
(A'l « 13) is approximately unity. The resulting intensity has a A-s
a (6563 A),
easily obtainable, but 4,6x10° wucts/cmz-AngHtrom (out of reach!) at Lyman a
(1215 A).

A significant further advantage 1is achieved 1f there is a radlative

dependence. The absolute value is ~100 wntts/cmz-Angstrom at H

transition from the upper level to some other lower level, hecausce the
f luorescence can then be monitored on that line without intcrfering background

from the laser radiation.

Diagnostics Applications:

l. Resonant scactering of Lymun  alpha (1216 A) as neutra)l density
dinunoutlc42

It ig cstimated that central neutral densities as low as 2 x 107cw™3
should be measurable for PLT or TFTR parameters above the naturally occuring
background line radiatfon originating mainly on the periphery provided the
lnser source 18 above 5 KW.

Such sources, based on frequency tripling of 3048 A in a phase=matched pas
mixture are just becoming avaflable both at Ue of Maryland and in Garching.

The 3648 A radiation ftself In derived from doubling a laser pumped dye laser.

2. Rayleigh weattering near lydrogen/lHel fum llnvu“a'“a

By astaying away from cexact redonance one can still mafotatn retlatively
large crosg=voctionn, o ~ l/AAz. while the competing backgronnd I8 the plasma
sontinuum  rather than the naturally ocearving line radiation 1teelt. This
mue  in generally  termed Rayleigh  seattering. e weattered Intensity
ipectral breadth for a4 narrow laser Hne gives the atomle temperature, amd the
e lative futeneity compared to a test gan whone crosn=section {a alno  known

tives  the population desnity in the lower state for the transition for which
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the laser is in near resonance. In the cited references these are n=2 gtates,
and, besides the reduction in sensitivity due to the smaller population
resident in these excited states, it requires a plasma mudel (LTE, coronal, or

full rate equations) to relate this number to the total neutral concentration.

3. Neutral impurity studies4?d

Most metallic neutrals have resonance lines in the near UV or at longer
wavelengths that can be reached directly or by frequency-doubled dye lasers.
In the cited reference a detection sensitivity of lu6 neutral Fe ntoms/ch
wvith a velocity resolution of 0.1 eV has been achieved near the walls of 1SX-B

with saturation techniques.

4, Miscellancous

46

Tranaport mechanisms can be investipated by pgeneration of impuritles™", or

production of metastable lovels through optical pumpin347. in a localized
region by one laser, and interrogating alightly later at another locatlon with

a different laser resonant wavelength.

The time=dependence of the fluorescence response durleg laser fllumination
with powers cxceeding saturation can be interpreted through the rate cquat {ons
to give rate coeffletents, some of which In turn depend  on plasma

p.-lt‘nmetum.""-"‘9

At Los Alamos we are currently plving thought Lo a plasma Internnl
magnotic field direction measurement by observing the timing of o modulated
anturated resonance sfginn) penerated by absorption of a dye lakere The laker
output would be given a rotatiug inear polarization, It would be tuned to a
single Zeeman  component, and {t would {nterssct an atonle Tithium beams  An
even more attractive schome (o to place the plasma foalde  the cavity ot a
broad=hand  dye  laser and dedquee the  Zeeman  pattevn from  ntva=cavity

absorption cmuned by the tithium beam.
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